contrast, FtsZl and FtsZ2 bound GTP almost as well as the wild type, and FtsZ114 displayed increased GTP binding. Furthermore, we observed that all mutant FtsZ proteins exhibited markedly reduced intrinsic GTPase activity. It is likely that mutations inftsZ that confer sulA resistance alter the conformation of the protein such that it assumes the active form.
Genetic evidence suggests that FtsZ plays a key role in bacterial cell division (8, 25, 28) . In addition, immunoelectronmicroscopy revealed that FtsZ is localized to the division site in a ring pattern designated the FtsZ ring (4) . The FtsZ ring is formed at the division site before visible invagination of the septum and is located at the leading edge of the septum throughout septation. Although the mechanism of FtsZ localization and the function of the FtsZ ring are unknown, it has been speculated that the FtsZ ring forms through self assembly and that the ring functions to coordinate the circumferential invagination of the septum and to activate septal peptidoglycan biosynthesis (4, 6, 21) . The isolation and characterization of novel ftsZ alleles that affect septal morphology are consistent with this hypothesis (5) .
The FtsZ protein contains an amino acid segment (GGGT GTG) that is highly homologous to the tubulin signature motif (GGGTGSG) which is thought to be involved in GTP binding (19) . Further comparison of several FtsZs and tubulins reveals additional motifs conserved between FtsZ and all three families of eukaryotic tubulins, suggesting that these proteins may be more closely related (21) . The purified FtsZ protein binds GTP and GDP and expresses weak GTPase activity (10, 24, 26) . The FtsZ GTPase activity is unusual in that it displays a lag that can be decreased by increasing the FtsZ concentration suggestive of a self-associating system (10). In addition, this lag is unusual in that it can be eliminated by preincubation of FtsZ with nucleotides or heating (10, 24). More recently, the FtsZ protein from Bacillus subtilis was purified and was also shown to be a GTP-binding protein with GTPase activity (29) . The GTPase of this FtsZ protein did not display a lag in vitro, but the specific activity of the GTPase was markedly dependent upon the FtsZ concentration, suggesting that the FtsZ protein may have to oliogomerize to express GTPase activity. These results along with the sequence similarities between FtsZ and tubulins have led to a model for formation of the FtsZ ring by using tubulin self assembly as a paradigm (21) .
Two mutant FtsZ proteins, FtsZ3 and FtsZ84, from Escherichia coli have been examined for their interaction with GTP. Both of these mutant proteins have alterations in the tubulin-* Corresponding author. Phone: (913) 588-7054. Fax: (913) 588-7295. like signature sequence and have markedly reduced GTP binding and GTPase activities (10, 24, 26) . The ftsZ3 allele is a lethal allele and can be maintained only in the presence of a wild-type allele (2) . The ftsZ84 allele confers temperature sensitivity and results in filament formation at the nonpermissive temperature (22) . In vitro the FtsZ84 protein shows dramatically reduced GTP-binding and GTPase activities (10, 26). These results suggest that the interaction with GTP may be important in vivo.
Damage to DNA results in induction of at least 15 genes which together comprise the SOS response (reviewed in ref- erence 27) . One of these genes, sulA (sfiA), is an inhibitor of cell division and prevents formation of DNA-less cells when DNA replication and/or segregation is perturbed (14, 16, 17) . Both genetic and biochemical evidence suggests that SulA blocks the essential cell division function of ftsZ. The genetic evidence consists of the isolation of a class of mutations, designated ftsZ (Rsa) (2), previously sulB or sfiB (12, 13), that are refractory to SulA and map to the ftsZ gene (2, 20) . The biochemical evidence consists of the observation that the half-life of SulA is increased by ftsZ (Rsa)-encoded proteins, suggesting that they no longer interact with SulA to shield it from the protease encoded by the lon gene (2, 18) . More recently, it was shown that induction of SulA blocks formation of the FtsZ ring (7). The inference is that the ftsZ (Rsa)-encoded proteins are able to function in the presence of SulA and form the FtsZ ring.
The ftsZ alleles, ftsZ1, ftsZ2, ftsZ3, ftsZ9, ftsZ1OO, and ftsZ114, were all isolated as being refractory to SulA (2) . In addition to SulA resistance, these alleles express additional phenotypes to various degrees. For example, each of these alleles is resistant to the division inhibitor, MinCD; however, ftsZ2 and ftsZ3 are more resistant (3, 5) . Also, ftsZ2 affects cell morphology and is temperature sensitive for cell lysis (5) . The ftsZ3 allele is unique since it has lost division activity although it still confers resistance to SulA in the presence of wild-type ftsZ (2) . To further understand the basis of the SulA resistance of these sixftsZ alleles, we have examined the gene products for interaction with GTP. We observed that several of these mutant proteins have reduced GTP binding and that all have reduced GTPase activity. (24) , except the compositions of the blocking and washing buffers were altered. In this study the blocking buffer contained 50 mM Tris-HCl (pH 7.5), 2 mM dithiothreitol, 0.2% Tween 20, 10 mM MgCl2, 200 mM NaCl, and 0.5% bovine serum albumin (BSA), and the washing buffer was the same as the blocking buffer except that it lacked BSA. The nitrocellulose filter-binding assay was used to determine GTP binding to native protein and was done as described previously (24) . Three modifications were made to the GTPase assay described previously: (i) the GTP concentration in the reaction mixture was increased to 5 mM, (ii) the MgCl2 concentration was increased to 15 mM because of the high GTP concentration, and (iii) the assay was carried out at 30°C.
SulA ftsZ MUTATION AFFECT GTP INTERACTIONS
Native gel electrophoresis. Native gradient-pore gel electrophoresis was performed on a Pharmacia Phast electrophoretic separation system using precast, continuous 8 to 25% polyacrylamide gradient Phastgels. The separated protein species were visualized by staining with Coomassie brilliant blue.
RESULTS

Purification of mutant FtsZ proteins. A collection of six
SulA-resistant alleles of ftsZ have been previously characterized (2, 3), and their properties are summarized in Table 1 . They each confer resistance to the division inhibitors SulA and MinCD. The resistance to MinCD varies, with ftsZ2 and ftsZ3 being the most resistant. Most of these alleles, ftsZl, ftsZ2, ftsZ9, ftsZlOO, and ftsZ114, retain division activity since they can complement a strain carrying a disrupted ftsZ allele. However, we have been unable to find conditions with which the ftsZ3 allele can substitute for the wild type, suggesting that it has lost its division activity. Nonetheless, this allele of ftsZ confers resistance to SulA and MinCD in the presence of the wild-type ftsZ.
To further characterize the properties of these alleles of ftsZ, the six mutant proteins along with the wild type were purified following overexpression by utilizing the previously developed protocol for FtsZ purification (see Materials and Methods) (24) . Since the overexpression of each allele was carried out in anftsZ' strain, each mutant protein preparation is contaminated with the wild-type protein. However, because of the effectiveness of the overexpression of theftsZ allele from the expression plasmid, this contamination is estimated at less than 1%. Figure la shows the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) profile of the seven protein preparations after the final step of purification. The purity of each of the FtsZ preparations was estimated at >95%. Each preparation contains minor contaminating bands at approximately 70,000 and 60,000. The 70,000 band is DnaK as demonstrated by immunoblotting with DnaK antisera (data not shown). The FtsZ2 preparation has an additional minor contaminating band at about 61,000, the identity of which is unknown; however, we have excluded GroEL by immunoblotting (data not shown). During purification, attention was paid to the elution profiles of these proteins from DEAE-cellulose and Sephacryl S-300 HR column chromatographies. The elution profiles were similar to that of the wild type, which eluted from the Sephacryl S-300 column in a broad peak with a molecular weight range of 200,000 to 1,000,000, as previously reported (24) . Each mutant protein also eluted as a broad peak with the same size range, indicating that the mutant FtsZ proteins were aggregated to the same extent as the wild type (data not shown). To further examine the aggregation, the FtsZ proteins were examined by native gel electrophoresis (Fig. lb) . Each protein preparation displayed four prominent bands. The band with the greatest mobility comigrated with FtsZ that had been treated with guanidine hydrochloride and then dialyzed against 6 M urea. This species appears to be a monomer on the basis of size exclusion chromatography (data not shown). The more slowly migrating species must be higher multimers with an average of 10 to 12 monomers. Immunoblot analysis of the samples separated by native gel electrophoresis revealed that additional more slowly migrating species were also present. (26) . Therefore, we first characterized the GTPase activity of the wild-type FtsZ isolated from strain JFL110, which is different from the strain used previously (24) . As shown in Fig. 4 , GTPase activity displayed a lag (assayed at an FtsZ concentration of 400 ,ig/ml) that was reduced by preincubation with ATP or heating. The lag was also reduced by increasing the FtsZ concentration to 1 mg/ml. Even though the lag was reduced by each of these treatments, the specific activity was highest with the heated GTPase activity of the mutant FtsZs. Since we did not observe a correlation between GTP binding and SulA resistance of the mutant FtsZ proteins, we examined the GTPase activity of these proteins. Comparison of the rate of GTP hydrolysis by the mutant proteins (at a protein concentration of 400 ,ug/ml) revealed that all the mutant proteins had dramatically reduced GTPase activity (Fig. 5A ). FtsZ114 and FtsZ9 had low but detectable GTPase activity; however, the remaining mutant proteins had negligible activity. Negligible activity was expected for FtsZ3, which displayed no detectable GTP binding. However, FtsZl and FtsZ2, which bind GTP very well, displayed less activity than FtsZ100 and FtsZ9, proteins that displayed very weak GTP binding. Also, FtsZ114, which showed increased GTP binding relative to that of the wild type, had low but detectable GTPase activity. Thus, all these mutant proteins showed dramatically reduced GTPase activity and can be separated into two groups on the basis of the efficiency of GTP binding. Furthermore, the group that showed markedly reduced GTP binding can be subdivided into FtsZ3, no GTP binding and no GTPase activity, and FtsZ9 and FtsZlOO, which showed reduced GTP binding and some, albeit weak, GTPase activity.
The three mutant proteins that bind GTP similarly to the wild-type protein, FtsZl, FtsZ2 and FtsZ114, make up an interesting class since they exhibit weak or no GTPase activity.
This suggests that they have a compromised catalytic site or that they might be defective in the activation step. To try to gain additional insight, the GTPase activity of the mutant proteins was assessed at a higher protein concentration, which, in the case of the wild-type FtsZ, reduced the length of the lag (Fig. 5B) . At 1 mg/ml, the GTPase activity of FtsZ114 increased to approximately 50% of the wild-type activity, whereas at a low protein concentration the activity of FtsZ114 was very low, less than 10% of wild-type activity. FtsZ9 and FtsZlOO also showed an increase in activity at the high protein concentration; however, the increase was less than that seen for FtsZ14. The remaining mutant proteins, FtsZl, FtsZ2, and FtsZ3, still displayed negligible GTPase activity.
As reported previously (24) and described above, the GTPase activity of the wild-type FtsZ (1) , and Rhizobium meliloti (R. m.) (23) .
Note that a gap appears in the sequences after position 312. The sequences that appear after this position are not homologous except for the carboxy terminus, which is displayed. The sequence of theftsZ (Rsa) mutations are from Bi and Lutkenhaus (2) . The three motifs shared by FtsZ and tubulin (21) are underlined. *, invariant residues; , conserved residues. three-to fivefold over the activity seen in the absence of heat treatment. The remaining mutant proteins were not stimulated by heat treatment. With ATP preincubation, the GTPase activity of FtsZ114 was stimulated about twofold; however, the GTPase activity of the other mutant proteins was unaffected (data not shown).
Location offtsZ mutations. Comparison of deduced amino acid sequences of several sequencedftsZ genes reveals regions that are highly conserved among FtsZs from quite diverse bacteria. Interestingly, most of the ftsZ mutations examined in this study occur within highly conserved regions (Fig. 6) . The ftsZ3 mutation, as noted above, occurs within the longest invariant stretch of amino acids, altering the tubulin signature motif. The ftsZl,ftsZ2, and ftsZ9 mutations all occur in regions that encode highly conserved amino acid stretches and change invariant residues. The ftsZ114 mutation does not alter a conserved amino acid residue; however, the ftsZlOl mutation, which enhances the SulA resistance of the ftsZ1l4 mutation (17) (the ftsZl00 allele contains both the ftsZ1l4 and ftsZ01 mutations), does alter one of an invariant amino acid pair. Interestingly, the ftsZ2 mutation leads to an amino acid substitution within one of the three consensus elements shared by FtsZ and tubulin (21) . Since this mutation eliminates measurable GTP hydrolysis, it raises the possibility that this consensus element is part of the active site involved in GTP hydrolysis.
DISCUSSION
FtsZ is an essential cell division protein that is localized to the leading edge of the septum during division. This localization is inhibited by the division inhibitor SulA, a component of the SOS response (7) . In this study we have characterized a collection of six SulA-resistant FtsZ mutant proteins and have found that they all have reduced GTPase activity in vitro. For three of these mutant proteins, the explanation is in part due to a reduced affinity for GTP; however, for the other three mutant proteins, the reduced GTPase activity is due to a block in enzymatic activity after the binding of GTP.
Since the FtsZ GTPase has some unusual characteristics, we began this study by first carefully examining the GTPase activity of wild-type FtsZ prepared under the same conditions as the mutant proteins. We observed that the FtsZ behaved identically to that reported previously (10, 24 increased FtsA is able to prevent this as it suppresses filamentation due to increased FtsZ (9) .
Previous studies have shown that the increased sensitivity of lon mutants to DNA damage is due to induction of SulA, which leads to a lethal filamentation (14) . Each of the six SulAresistant ftsZ alleles utilized in this study was isolated as a mutation conferring resistance to SulA. Three, ftsZ9, ftsZ114, and ftsZl00, were isolated with a single copy of ftsZ in the cell (12, 13, 17); and three, ftsZl, ftsZ2, and ftsZ3, were isolated with two copies of ftsZ in the cell (2) . Thus, the former had to retain the essential activity offtsZ whereas the latter were only required to confer SulA resistance, with the second copy of ftsZ providing the essential ftsZ function. It (30) . Therefore, we suggested that the mutant proteins may have increased ability for multimerization. Another possibility is that SulA and FtsZ compete for a site and that the mutant FtsZ proteins have increased affinity for this site. If it is assumed that the GTP form of FtsZ is the active form, then the mutations studied here may be activating mutations that alter the structure of FtsZ so that it resembles the GTP-bound form.
